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Abstract— This paper proposes an innovative smart 
maintenance (SM) model for scheduling proactive preventive 
maintenance of static synchronous compensators (STATCOMs). 
The approach is primarily useful for optimal operational planning 
of STATCOMs to maximize net benefit that comes from the 
difference between the power losses reduction savings and the cost 
of STATCOM’s acquisition and maintenance. SM model 
incorporates: 1. Markov chains to describe STATCOM reliability 
with aging features; and 2. Type I restoration factor to describe 
the impact of maintenance over component’s virtual age. The 
optimization problem is solved using the Accelerated Quantum 
Particle Swarm Optimization (AQPSO) which involves three 
stages. The first stage determines the optimum number, size, and 
placement of the STATCOMs. The second stage set the effective 
maintenance plan. The last stage governs the best operation of the 
STATCOMs. The results show the efficacy of the proposed model, 
opening a new pathway to future applications in smart grids. 
Keywords—accelerated quantum particle swarm optimization, 
operation, planning, power losses, reliability, smart miantenance, 
static synchronous compensator 
I.  INTRODUCTION 
In a power system, the electrical power losses due to the 
Joule effect are inevitable. Nevertheless, these can be reduced 
by injecting reactive power into the network locally. Although 
literature presents the employment of capacitors [1] as a simple 
and popular contingency measure, the electric utilities are using 
static synchronous compensators (STATCOMs) instead [2]. 
This is attributed to its dynamic and fast response at the need of 
reactive power compensation.  
There are several studies that show the efficacy of 
STATCOMs. For instance, [3] presents the effect of optimal 
allocation of multiple STATCOM in a radial distribution 
system; [4] offers a plausible operation of STATCOM applied 
to the electrical system of the Republic of Tajikistan is given; [5] 
presents a case study given by the National Grid (sole 
transmission company in England and Wales) in which the 
STATCOM planning is required to maintain a high-quality 
standard, which includes the minimization of power losses. Even 
though these studies present different methodologies to obtain 
the optimum planning (sizing and placement) and operation 
(reactive compensation dispatch strategy) for STATCOM based 
on power losses reduction, the impact of maintenance on it is not 
clearly given. 
It is not possible to keep a continuous operation of the power 
system components since they are exposed to aging effect that 
eventually leads to a failure. Nonetheless, the occurrence of 
failures can be reduced by performing a maintenance, which can 
be corrective (CM) or preventive (PM). Once a failure occurs, 
the CM is employed to restore the component to an operative 
condition, while the PM is used as a control measure to prevent 
failures [6]. The greater number of PM is performed, the more 
reliable the component becomes, but there must be a balance 
between the cost and the benefit of each PM executed, since at 
some point the cost could be higher than the benefit. For this 
reason, in the last few years, the concept of maintenance has 
evolved to a new level called Smart Maintenance (SM), which 
includes smart-inspections [7], smart-devices [8] and smart-
services [9], giving a scheduled and proactive maintenance. 
There is no well-established analytical method that allows to 
describe SM in mathematical terms.  
This paper presents a comprehensive methodology that 
optimize the number, size, placement, dispatch strategy for 
reactive compensation and PM maintenance plan for 
STATCOMs. Their reliability model is obtained by Markov 
chains [10], and the effect of maintenance is quantified using the 
type I restoration factor (RFI) [11]. The objective is to maximize 
the net benefit that comes from the difference between the power 
losses reduction savings and the cost of STATCOM’s 
acquisition and maintenance. The optimization problem is 
solved using the Accelerated Quantum Particle Swarm 
Optimization (AQPSO), which is mainly divided into three 
stages. The first stage focuses on the optimum planning of 
STATCOMs; the second stage is employed to set a plausible PM 
schedule; and the third stage determines the STATCOMs 
optimum operation. The rest of the paper is structured as 
follows: section II presents the STATCOM’s electrical and 
reliability models; section III describes the SM mathematical 
model; in section IV, the optimization problem is presented; 
section V presents the proposed algorithm; section VI shows a 
case study; section VII brings the results and discussion; finally, 
section VII concludes findings.  
II. STATIC SYNCHRONOUS COMPENSATORS  
The STATCOM can interact with any distributed 
generation, nonetheless, this research focus on its application 
for reactive compensation. The electrical and reliability model 
is as presented below. 
 A. Electrical Model 
The STATCOM incorporates high power IGBTs, reactors 
and capacitors that allows to perform the reactive compensation 
[12]. Its current injection mathematical model in terms of is the 
system voltage 𝑈𝑀̅̅ ̅̅ , STATCOM’s susceptance 𝐵𝑆  and phase 
angle operation 𝛼, is as follows [13]: 
( )S S C SI jU B Q=   (1) 
The STATCOM primarily depends on the operation phase 
angle, which is controlled by using a reference voltage 𝑈𝑆, 
leading to a reactive power dispatched 𝑄𝑆. This control limits 
the optimum operation for the maximum net benefit. For 
instance, in a traditional control system, the reference voltage is 
usually 1.0 p.u. and based on this value, the STATCOM injects 
a reactive current in order to keep the bus voltage in the desired 
value. Nevertheless, the injected reactive current may not lead 
to a maximum net benefit and a new voltage reference is needed 
as shown in Fig. 1. Thus, an optimal scheduling for STATCOM 
is needed. This is obtained by the employment of a novel 
metaheuristic technique which will be described in Section III. 
B. Reliability Model 
The availability is a measure of component’s reliability, and 
it can be obtained by using the Markov chain [14]. This is a 
schematic representation of all possible states, which are 
connected between them by the transition rates. For instance, 
Fig. 2 presents the Markov chain for a STATCOM, with three 
possible states. The state “1” is named “Operating” and in this 
state the component is working properly; the state “2” is labelled 
as “Not in operation” and it refers to the occurrence of failure; 
the state “3” is called “Obsolescence” and it represents the end 
of component’s lifetime. In addition, the variables 𝜆, 𝜇 and 𝜙 are 
defined as the failure, repair and degradation rate, respectively.  
The solution to the model is given by the probability function 
of being in each state. For that purpose, the stochastic matrix 𝐻 
is required. This matrix is the infinitesimal generator chain, in 
which the diagonal terms ℎ𝑗𝑗 are the negative of the sum of all 
states that goes out of the state 𝑗. On the other hand, the terms 
out of the diagonal ℎ𝑗𝑘 are the transition state from 𝑗 to 𝑘 state 
[14].  Therefore, the stochastic matrix that represents the model 
in Fig. 2 is as presented in (2). 
0
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Then, the probabilities of being in each state is as follows: 
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(3) 
where 𝜒 is the eigenvalues of 𝐻𝑇 ,  𝜐𝑖𝑗 is the element of the matrix 
formed by the eigenvectors of 𝐻𝑇  and 𝑐 is a constant given by 
the initial state; 𝑇 indicates the transpose of the matrix.  
 Since 𝑃1 is the only state in which the component is working 
properly, then the availability and unavailability of the 
STATCOM are as given in (4) and (5), respectively. 
 
Fig. 1 STATCOM voltage and current characteristic 
 
 
Fig. 2 STATCOM Markov chain model 
 
( ) ( )1A t P t=  (4) 
( ) ( ) ( )2 3U t P t P t= +  (5) 
C. Degradation Rate 
The reliability model requires to know the degradation of 
the component. To get it, let’s start by defining the term 
“absorbing state”. This is described as the state in which once 
it is reached, there is no possibility to go to any other state. The 
particularity of this state is that it presents a mean time to 
absorption defined as [15]: 
T
  

+ +
=
 
(6) 
In this approach, the mean time to absorption is the useful 
lifetime of the component, which is given by the manufacturer. 
Consequently, from (6):  
1T
 


+
=
−  
(7) 
III. SMART MAINTENANCE MATHETICAL APPROACH 
The SM is based on two main concepts, which are described 
in this section. 
A. Type I Improvement Factor 
Maintenance action causes a rejuvenation over component’s 
virtual age 𝑉. The type I restoration factor (RFI) comes from 
the theory exposed by Kijima [11], in which the repairs can fix 
only the wear-out and damage incurred during the period of 
operation since the last repair. The effect of maintenance over 
the virtual age of a component is by an amount proportional to 
the time elapsed from the 𝑛 − 1th failure to the 𝑛th failure. 
Then, the RFI can be described mathematically as [11]: 
1
1
, if CM is performed
,if PM is performed
n CM n
n
n PM n
V q X
V
V q X
−
−
+
= 
+  
(8) 
where 𝑋 is the time between failures and 𝑞 is the restoration 
factor such that 0 ≤ 𝑞 ≤ 1.  
  Since the virtual age change when maintenance is executed, 
the degradation will be reduced, therefore, the occurrence of 
failures (unavailability) will be reduced. 
B. Quamtum Particle Swarm Optimization 
The SM scheme requires an optimization technique and in 
this paper the Quantum Particle Swarm Optimization (QPSO) is 
employed. The QPSO is an evolutionary computation technique 
that unlike classical PSO, it does not employ the concept of 
velocity to get the optimal solution. Instead, it associates a wave 
function to each particle, which represents the compress 
information about the particle that depends on the potential field 
that lies in. The scenario of the particle is a quantum well. Each 
particle has a memory of its own best position called personal 
best 𝐷𝑖 (𝑘). However, this is not the only particle since there is 
a total of SS particles, hence there must be a solution of the 
whole swarm, called global best g(𝑘). The particle i at search 
step k initially is in the position 𝑥𝑖 (𝑘) and it will move to a 
position defined by the local attractor 𝑝𝑖  (𝑘). Based on a 
trajectory analysis the authors in [16] proposed a local attractor 
following the coordinates: 
( ) ( ) ( ) ( )( ) ( )
( ) ( )1 1 1 1 2 2
1
/
i ip k k D k k g k
k d r d r d r
 

= + −
= +
 (9) 
where 𝑟1 and 𝑟2 are random numbers uniformly distributed 
between [0,1], 𝑑1 and 𝑑2 are the acceleration coefficients, such 
that 0 ≤ 𝑑1, 𝑑2 ≤ 2.  
The local attractor is relevant to define since the initial 
position of the particle mainly depend on it. To understand in a 
better way the scenario of the particle, a comprehensive 
representation of the model is given in Fig. 3, from which: 
( ) ( )1i i ix p k x k =  +  (10) 
Then, the updated position of the particle is defined by [17]: 
( ) ( ) ( ) ( )
1
1 1
1 ln
SS
i i i i
i
x k p k x k D k
SS u

=
 
+ =  −  
 
  (11) 
The position of the particle is in a multi-state (like the 
Schrödinger cat) and it is not possible to determine the updated 
position until an observation take place. Given that the position 
of the particle is 𝑥𝑖(𝑘), at step 𝑘 + 1, the particle may appear in 
the zone  (−𝑥𝑖(𝑘 + 1), +𝑥𝑖(𝑘 + 1)). The probability for each 
state is 0.5 determined by the observation 𝑜𝑏𝑠 = 𝑟𝑎𝑛𝑑(0,1) 
[17].  
The traditional QPSO employs one observer to define the 
next position of the particle. Nonetheless, to accelerate the 
convergence and enhance the accuracy of the results, this paper 
proposes to increase the number of observers to an odd natural 
number 𝑦, which is greater than one, in such a way that the set 
of observers is as shown in (12). 
 
 
Fig. 3 A particle in a quantum well 
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The number of elements in a set is known as cardinality and 
its operator is defined as ‘card’, then the observer is chosen 
based on the following formulation: 
( ) ( )
( ) ( )
card card 0.5
card card 0.5
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if A B Obs
  
  
 (13) 
Then (11) can be written as: 
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(14) 
A graphical representation of the updated position of the 
particle is as shown in Fig. 4.  
IV. PROBLEM FORMULATION 
The objective is to maximize the net benefit obtained from 
the difference between the savings due to reduction of losses 
and the cost of maintenance. The STATCOM injects reactive 
power which causes a decrement in the current magnitude that 
flows through the conductor 𝑝. The result is a reduction in the 
electrical losses given the following relationship: 
( )2 2'p p p pL I I R = −  (15) 
where 𝐼 is the current that normally flows through the 
conductor, 𝐼′ is the current obtained considering the installation 
of STATCOMs and 𝑅 is the conductor’s resistance. The 
relevance of the electrical losses is that they represent economic 
benefit defined by the following equation: 
1
NC
L j
j
B w L
=
=   (16) 
where 𝑁𝐶 is the total number of conductors in the power system 
and 𝑤𝐿 is the price per unit energy given in [£/kwh]. 
 On the other hand, the acquisition and installation of 
STATCOMs imply a cost which can be quantified as follows: 
1
j
NQ
S S S
j
C w Q
=
=   (17) 
where 𝑄𝑆 represent the size of the STATCOM given in [kVAr], 
𝑁𝑄 is the total number of STATCOMs installed into the power 
system and 𝑤𝑆 is the price per unit energy given in [£/kVAr]. 
Another cost to consider is the one that comes from the 
execution of maintenance.  In case of CM action, the cost is 
related with the repair or substitution of the failed part in the 
component, while for PM action, the cost is related with the 
material needed to perform inspection and prevent any failure. 
 
 
Fig. 4 Updated position of the particle using AQPSO 
 Hence, the total maintenance cost can be expressed as [18]: 
( ), , , ,
1
NC
m PM e PM e CM e CM e
e
C Cost M Cost M
=
= +  (18) 
where 𝑁𝐶 is total number of components in the system, 
𝐶𝑜𝑠𝑡𝑃𝑀,𝑒 is the price of performing one PM on component 𝑒
th, 
𝐶𝑜𝑠𝑡𝐶𝑀,𝑒 is the price of performing one CM on component 𝑒
th, 
𝑀𝑃𝑀,𝑒 is the total number of PM performed on component 𝑒
th 
during time interval (0, 𝑇𝑠]  and 𝑀𝐶𝑀,𝑒 is the total number of PM 
performed on component 𝑒th during time interval (0, 𝑇𝑀]. 
Concerning the operation of the STATCOM, this is time 
dependant since the load profile varies on time. Therefore, an 
hourly time-slotted system with slot index 𝑡 is considered for the 
problem formulation. Later, the net benefit becomes as follows:  
( ) ( )L S MNB t S t C C= − −  (19) 
At this point, the optimization problem can be defined as: 
( )( )Totalmaximize S t  (20) 
Subject to: 
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1 1
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NL NC
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( ) ( )  min max( ) , ,S jSVC j S jQ Q t Q j t    (23) 
( ) ( )  min max( ) , ,bus jbus j bus jV V t V j t    (24) 
,CM eM  , ,PM eM  , e  (25) 
0 availableNS NS   (26) 
The restrictions (21) and (22) stablish that the power (real or 
reactive) given by the generation must satisfy the load and 
electrical power losses. The reactive power produced by an 
installed STATCOM is limited by (23), since it has a minimum 
and maximum reactive power that can supply. The restriction 
given in (24) assures a voltage regulation for each bus. The 
restriction (25) stablishes that the number CM, PM and 
components must be positive integers. Finally, (26) is used to 
control the number of STATCOM installed, which cannot be 
greater than the number of busses of the power system. 
V. PROPOSED ALGORITHM FOR OPTIMUM PLANNING AND 
OPERATION OF STATIC VAR COMPENSATOR 
The employed optimization technique is the AQPSO, which 
is divided into three stages. The first stage is labeled as 
𝐴𝑄𝑃𝑆𝑂𝑆𝑃, and it is used to estimate the optimal placement and 
sizing for the STATCOMs; the second stage is named 𝐴𝑄𝑃𝑆𝑂𝑆𝑀 
and it brings the effective maintenance plan for each STATCOM 
installed; the last stage is called 𝐴𝑄𝑃𝑆𝑂𝑂𝑃, that allows to get 
their optimal operation strategy. 
The algorithm starts by defining the available STATCOM 
in stock. Next, the maximum number of iterations for 𝐴𝑄𝑃𝑆𝑂𝑆𝑃 
is defined. Then, an initial population of particles is randomly 
generated. Each of these is a possible solution for the objective 
function, therefore, each of these become a set of STATCOM 
with a given size and placement.  
 
Fig. 5 Flow chart for SM Model for Effective Planning and Operation 
 
Subsequently, the 𝐴𝑄𝑃𝑆𝑂𝑆𝑀 takes place in which the 
particles decided the best month to perform the maintenance 
during the time assigned. In this stage, a Monte Carlo 
simulation is employed to estimate the state of the STATCOMs. 
Following the procedure, to evaluate the objective function, a 
new set of particles (here starts 𝐴𝑄𝑃𝑆𝑂𝑂𝑃) is defined. These 
new particles take a value of operation between the maximum 
and minimum reactive power given defined by each 
STATCOM. This is followed by the execution of a power flow 
that uses Newton Raphson technique. Then, the net benefit for 
each particle is obtained using (19). The particle with the best 
solution becomes the global best. Then, each particle starts 
moving (change its operation point) based on the global best by 
using (14). If there is a particle that achieves an improved total 
saving, the global best is updated and the particle with this 
solution becomes the new global best. This process is repeated 
until the maximum number of iterations (𝐼𝑡𝑚𝑎𝑥) has been 
reached or if the values of the net benefit have a difference (Δ𝑠) 
of 10−6 between the current and previous iteration, assuring a 
convergence in the solution. A summarized flowchart of the 
proposed algorithm is presented in Fig. 5. 
VI. CASE STUDY 
The study incorporates the IEEE 24 bus reliability test 
system [19]. The network is a power transmission system that 
consists of 24 buses, which are connected by 38 lines and 
transformers, and it presents a peak load of 2850 MW and 580 
MVAr.  To simplify the analysis, the assumptions are made as 
follows: 1. load balanced conditions; 2. constants values related 
to price are 𝑤𝐿 = 0.02 [£/𝑘𝑊ℎ]; 𝑤𝑆 = 4 × 10
4 [£/𝑀𝑉𝐴𝑟]; 3. 
weekly load demand profile is kept constant for the whole year 
and is as shown in Fig. 6; 4. the restoration factor for PM and 
CM is 0.4 and 0.6, respectively; 5. Bus voltage must meet IEEE 
Standard 1860-2014 [20] that is 0.95 𝑝. 𝑢. ≤ 𝑉𝑏𝑢𝑠 ≤ 1.05𝑝. 𝑢. ; 
6. available STATCOM in stock are shown in Table I.  
 Table I. Available 3-phase STATCOM 
STATCOM: A B C D E 
Size [MVAr]: 10 20 50 100 120 
𝑇 [years]: 17 20 25 30 35 
𝜆 [failure/year]: 1.390 1.107 1.060 0.907 0.706 
𝜇 [repair/year]: 302  288 258 210 198 
PM cost [k£]: 10 20 50 100 120 
CM cost [k£]: 32 64 160 320 384 
 
 
Fig. 6 Load profile 
VII. RESULTS AND DISCUSSION 
A. STATCOM Optimal Planing: Placement and Sizing 
There are several possible combinations in which the 
available STATCOMs can be placed in the power system. 
Nevertheless, among them, there is a combination that brings 
the maximum reduction of power losses and hence the 
maximum net benefit results. This is presented in Fig. 7. 
B. STATCOM Optimal PM Schedule 
By using the algorithm described in Section V, the PM 
schedule that maximizes the net benefit is obtained. As a result, 
Fig. 8 shows the effective PM scheduling applied to each 
STATCOM. To understand Fig. 8, a symbol is defined for every 
STATCOM. Then, the time when the action takes place is given 
by the interception point formed from figure axis. The month is 
determined by the x-axis while the year is defined by its y-axis. 
For instance, the first PM to execute is on the STATCOM 
installed in node 3 (S-n3 ○) in June of the first year. 
The SM affects the availability of every installed device, as 
shown in Fig. 9. To show efficacy of SM over any other 
maintenance plan, three different scenarios are presented: 1. No 
PM performed (NPM); 2. yearly periodic PM (PPM); 3. smart-
maintenance (SM). This is relevant since availability has a 
strong impact over the net benefit as will be discussed below. 
C. STATCOM Optimal Operation: Dispacth Strategy 
The operation for each STATCOM during weekdays and 
weekends is shown in Fig. 10. In addition, to show that bus 
voltages limits follow the IEEE Standard 1860-2014 [20] 
(0.95 𝑝. 𝑢. ≤ 𝑉𝑏𝑢𝑠 ≤ 1.05 𝑝. 𝑢. ), Fig. 11 is presented. 
D. Maximum Net benefit 
Due to the high investment needed for the implementation 
of the compensators, it is notable that initially, the cost will be 
higher than the benefit. To recover the investment and start 
getting revenue, the analysis considers a time study of 10 years. 
The total yearly power losses reduction for every scenario 
stated in last section is different. This is attributed to the manner 
in which aging is faced, resulting in the maximum net benefit 
for the SM model as presented in Table II. 
 
 Fig. 7 Optimal placement and sizing for STATCOM 
 
 
Fig. 8 Effective PM plan for each STATCOM installed 
 
 
Fig. 9 Availability of STATCOM installed in node: a) 3; b) 8.; c) 11; d) 19 
  
Fig. 10 Optimal dispatch strategy for STATCOM installed at node: a) 3; b) 8.; c) 11; d) 19 
 
 
Fig. 11 Voltage regulation with STATCOM installed using SM scheme 
Table II. Net Benefit after 10 years 
Scenario: No-PM PPM SM 
Net Benefit [£]: 2.9636 × 105 4.9837 × 105 5.1137 × 105 
 
VIII. CONCLUSION 
A novel analytical method that describes SM in 
mathematical terms is presented. The approach is used to 
obtain the optimal sizing, placement, dispatch strategy and 
PM planning of STATCOMs. The results depict that the 
installation of STATCOM into the power system keep the 
voltages within the desired ranges as established in the IEEE 
Standard 1860-2014. Even though the acquisition and 
maintenance cost of the STATCOM is relatively high, the 
former in the long-term tends to be economical.  
The PM plan obtained from the SM demonstrates to be 
superior to the yearly periodic PM plan. This is because SM 
takes better advantage of investment resources, and it looks 
for the optimal number and time to execute PM. This ensures 
a much more reliable operation for the component, leading to 
a greater net benefit.  
Although this paper employs the SM scheme for 
STATCOM, the model can be used for other devices, opening 
to a range of possibilities for future research.  
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